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ABSTRACT 

Bacillus subtilis encodes redox-sensing MarR-type 
regulators of the OhrR and DUF24-families that 
sense organic hydroperoxides, diamide, quinones 
or aldehydes via thiol-based redox-switches. In 
this article, we characterize the novel redox-sensing 
MarR/DUF24-family regulator HypR (YybR) that is 
activated by disulphide stress caused by diamide 
and NaOCI in 8. subtilis. HypR controls positively a 
flavin oxidoreductase HypO that confers protection 
against NaOCI stress. The conserved N-terminal 
Cys14 residue of HypR has a lower pACg of 6.36 and 
is essential for activation of hypO transcription by 
disulphide stress. HypR resembles a 2-Cys-type 
regulator that is activated by Cys14-Cys49' 
intersubunit disulphide formation. The crystal struc- 
tures of reduced and oxidized HypR proteins were 
resolved revealing structural changes of HypR upon 
oxidation. In reduced HypR a hydrogen-bonding 
network stabilizes the reactive Cys14 thiolate that 
is 8-9 A apart from Cys49 . HypR oxidation breaks 
these H-bonds, reorients the monomers and 
moves the major groove recognition (x4 and (x4^ 
helices -^4 A towards each other. This is the first 
crystal structure of a redox-sensing MarR/DUF24 
family protein in bacteria that is activated by 
NaOCI stress. Since hypochloric acid is released 
by activated macrophages, related HypR-like regu- 
lators could function to protect pathogens against 
the host immune defense. 

INTRODUCTION 

Reactive oxygen species (ROS) can be generated as a 
byproduct of respiration. Pathogenic bacteria encounter 



ROS that are produced as defense by the innate immune 
system (1,2). During infection activated macrophages 
release the enzyme myeloperoxidase that utilizes H2O2 to 
produce the strong oxidant hypochloric acid (HOCl) to 
kill pathogenic bacteria (3,4). ROS can further generate 
secondary reactive electrophilic species (RES) (5,6). 
Bacteria can sense and respond to ROS and RES by 
expression of dedicated detoxification mechanisms. ROS 
are sensed by redox-sensitive transcriptional regulators 
that undergo thiol-disulphide switches leading to activa- 
tion or inactivation of the transcription factors (7). The 
OxyR regulator of Escherichia coli is one of the best 
studied bacterial peroxide-sensors. OxyR is activated by 
intramolecular disulphide formation resulting in transcrip- 
tion of genes with antioxidant functions (8-11). In 
addition, the redox-controlled chaperone Hsp33 provides 
specific protection against HOCl-induced protein aggrega- 
tion in E. coli (12). Bleach leads to oxidation of the 
Zn-redox switch centres with subsequent Zn-release, oxi- 
dative unfolding, dimerization and activation of Hsp33. 
Organic peroxides are sensed by the conserved 
MarR-type repressor OhrR that controls the thiol- 
dependent peroxidase OhrA (7,13). The OhrR family 
includes one- and two-Cys OhrR-proteins that differ 
in their redox-sensing mechanisms. OhrRxc of 
Xanthomonas campestris is the prototype of the two-Cys 
family that is oxidized to an intermolecular disulphide 
between the opposing OhrR subunits (14,15). One-Cys 
OhrR proteins harbour one conserved N-terminal Cys 
with the prototype of B. subtilis OhrRes that is oxidized 
to iS-bacilHthiolated OhrR in response to cumene 
hydroperoxide and HOCl (7,16,17). Redox-sensing 
MarR-type regulators of pathogenic bacteria include the 
OhrR-paralogs MgrA and SarZ of Staphylococcus aureus 
as global regulators for antibiotic resistance, virulence and 
anaerobiosis, the multidrug-efflux regulator MexR and 
the oxidative stress response and pigment production 
regulator OspR of Pseudomonas aeruginosa (7,13,18-23). 
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In addition, B. subtilis encodes redox-sensing MarR/ 
DUF24-family regulators that sense specifically electro- 
philes (diamide, quinones or aldehydes) (7,24-28). The 
paralogous repressors YodB and CatR are inactivated 
via intermolecular disulphide formation by diamide and 
quinones resulting in derepression of the azoreductase 
(AzoRl), nitroreductase (YodC) and thiol-dependent 
dioxygenase (CatE) catalysing the reduction or ring- 
cleavage of the electrophiles (24,25,27). Other proteins of 
the MarR/DUF24 family (HxlR) and MerR/NmlR- 
families (AdhR) sense aldehydes (formaldehyde and 
methylglyoxal) via conserved Cys residues (26,28-30). 
However, the genome of B. subtilis encodes MarR/ 
DUF24 family regulators of unknown functions, 
including YybR, YdeP, YdzF, YkvN and YtcD 
(Supplementary Figure SI A). 

In this study, we characterize the hypochloric acid- 
specific regulator YybR (renamed HypR) as a novel 
MarR/DUF24 transcriptional regulator that positively 
controls the putative nitroreductase YfkO. HypR resem- 
bles a two-Cys-type MarR-type regulator that is activated 
by Cysl4-Cys49^ intersubunit disulphide formation. 
We present the crystal structure of HypR under reduced 
and oxidized conditions and provide for the first time 
insights into the redox-sensing mechanism of a MarR/ 
DUF24 family regulator. 



MATERIALS AND METHODS 

Bacterial strains and growth conditions 

The bacterial strains used were B. subtilis 168 (trpC2), 
AhypR (trpC2,hypR: .'Cm'X AhypO (trpC2,hypO ::Cm'X 
AohrA (trpC2,ohrA::Spd'), AhypOAohrA (trpC2,hypO:: 
Cm\ohrA::Spc') and the hypRCMS, hypRC49S, 
hypRC14,49S point mutants (Supplementary Table SI). 
Bacillus subtilis strains were cultivated under vigorous agi- 
tation at 37°C in Belitsky minimal medium described pre- 
viously (31). Escherichia coli strains were grown in LB for 
DNA manipulation. The antibiotics were used at the fol- 
lowing concentrations: 1 |ig/ml erythromycin, 25 |ig/ml 
lincomycin, 5 |ig/ml chloramphenicol, 10|ig/ml kanamy- 
cin, 100|ig/ml spectinomycin. The compounds used were 
2-methylhydroquinone (Acros), diamide (diazinedi- 
carboxylic acid bis(A^,A^-dimethylamide) (Sigma) and 
sodium hypochlorite (15% stock solution) (Sigma). 

Gene deletions for construction of the hypO mutant 
were generated using long-flanking-homology polymerase 
chain reaction (LFH-PCR) as previously described (25). 
Primers yfkO-Fl and yfkO-F2 were used to ampHfy 
the up fragment and primers yfkO-Rl and yfkO-R2 to 
amplify the down fragment, respectively (Supplementary 
Table S2). Fragments were ampHfied and joined together 
with the chloramphenicol cassette using Pfusion DNA 
polymerase (Invitrogen) as described (32). Plasmid 
pCm::spec was used to replace the Cm^ cassette with a 
Spec^ marker to generate strain A 6>/zr^:: Spec (17). The 
AohrAAhypO double mutant was constructed by trans- 
formation of chromosomal DNA of the hypO mutant 
into competent cells of the A6>/zrv4::Spec mutant strain. 



Integration and deletion of the ohrA and hypO genes 
were confirmed by PGR. 

Construction of the hypRC14S, hypRC49S and 
hypRC14,49S point mutants 

Plasmids pDG/zj;?7?, ^\:>GhypRC14S, pDGhypRC49S, 
pDGhypRC14,49S were produced by using PGR muta- 
genesis. Using primers yybR-G14S-forl and yybR- 
G14S-rev2 and B. subtilis wild-type chromosomal DNA, 
the hypR gene was ampHfied by PGR, the PGR product 
digested with EcoRI and BamHI restriction enzymes and 
inserted into plasmid pDG795 digested with the same 
enzymes to generate pDGhypR. For construction of 
pDGhypRCMS, first PGR was performed in two separate 
reactions using primers yybR-G14S-forl with yybR-G14S- 
revl and primers yybR-G14S-for2 with yybR-G14S-rev2 
(Supplementary Table S2) and B. subtilis 168 chromosom- 
al DNA as template. The PGR products were hybridized 
and amplified by a second PGR using primers yybR-G14S- 
forl and yybR-G14S-rev2. The PGR products were 
digested with EcoRI and BamHI and inserted into 
plasmid pDG795 digested with the same enzymes to 
generate pDGhypRCMS. For construction of pDGhyp 
RC49S and pDGhypRC14,49S, first PGRs were 
performed in two separate reactions using primers yybR- 
G49S-forl with yybR-G49S-revl and primers yybR-G49S- 
for2 with yybR-G49S-rev2 (Supplementary Table S2) and 
B. subtilis 168 chromosomal DNA and pDGhypRCMS 
plasmid DNA as templates, respectively. The PGR 
products were hybridized and amplified by a second 
PGR using primers yybR-G49S-forl and yybR-G49S- 
rev2. The PGR products from the second PGRs were 
digested with EcoRI and BamHI and inserted into 
plasmid pDG795 digested with the same enzymes to 
generate plasmids pDGhypRC49S and pDGhyp 
RC14,49S. The plasmids p\:>GhypRC14S, pDG/zj;? 
RC49S and pDGhypRC14,49S were verified by DNA 
sequencing and transformed into the thrC locus of the 
B. subtilis AhypR mutant. 

Northern blot experiments 

Northern blot analyses were performed as described (17) 
using RNA isolated from B. subtilis wild-type cells be- 
fore (control) and lOmin after the treatment with 50 |iM 
NaOGl, 1 mM diamide and 0.5 mM MHQ. Hybridizations 
specific for hypR and hypO were performed with the 
digoxigenin-labelled RNA probes synthesized in vitro 
using T7 RNA polymerase from T7 promoter containing 
internal PGR products of the respective genes using the 
primer sets yybR-T7for with yybR-T7rev and yfkO-T7for 
with yfkO-T7rev (Supplementary Table S2). 

Primer extension experiments 

Primer complementary to the N-terminus encoding region 
of hypO (yfkO-FT-rev2) and hypR (yybR-G14S-revl) were 
5^-end labelled using T4 polynucleotide kinase (Roche 
Diagnostics) and 50|iGi [y^¥]-ATP (GE Healthcare). 
Primer extension analysis was performed using the 
labelled primers as described previously (25). Sequencing 
of the corresponding promoter regions was performed 
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using PCR products as templates containing the promoter 
region of the respective genes amphfied with primer set 
yybR-C14S-forl and yybR-Cysl4S-revl and yfkO-FT- 
for2 and yfkO-FT-rev2 (Supplementary Table S2). 

Expression and purification of recombinant His-HypR, 
His-HypRC14S and His-HypRC49S proteins 

Escherichia coli BL21(DE3)pLysS (Invitrogen) was used 
for overproduction of His-tagged HypR, HypRC14S 
and HypRC49S proteins. For expression of His-HypR, 
His-HypRC14S and His-HypRC49S proteins, the hypR 
coding sequence was amphfied by PCR using primers 
yybR-Ndel-pETfor and yybR-BamHI-pETrev and 
chromosomal DNA of the B. subtilis wild-type and the 
hypRCMS and hypRC49S point mutants as templates 
(Supplementary Table S2). The reverse primer includes 
the codons for six C-terminal histidine residues. The 
hypR specific PCR products were digested with Ndel 
and BamHI and inserted into the pETllb expression 
plasmid digested with the same enzymes to generate 
plasmids pEThypR, pEThypRC14S and pEThypRC49S. 
The hypR, hypRCMS and hypRC49S mutant sequences 
were verified by DNA sequencing (Supplementary 
Table S2). Escherichia coli BL21(DE3)pLysS carrying 
the pEThypR, pEThypRC14S and pEThypRC49S expres- 
sion plamids was cultured in 1 1 LB medium, and 1 mM 
IPTG (isopropyl-(3-D-thiogalactopyranoside) was added at 
the mid-log phase (OD600 of 0.8) for 2h. Recombinant 
His-tagged HypR, HypRCHS and HypRC49S proteins 
were purified using PrepEaseTM His-Tagged High Yield 
purification Resin (USB) under native conditions accord- 
ing to the instructions of the manufacturer. HypR was 
eluted in 50 mM NaH2P04, 300 mM NaCl, and 250 mM 
imidazole pH 8.0. The proteins were further purified by 
anion exchange chromatography (POROS 20 HQ, 
AppHed Biosystems) with 20 mM Tris-HCl pH 7.5 and a 

0 to 1 M NaCl gradient followed by dialysis into lOmM 
Tris-HCl pH8.0, 100 mM NaCl, 50% glycerol (v/v) and 
stored at -80°C. 

DNA gel mobility shift assays 

DNA fragments containing the hypO promoter region 
were generated by PCR using the primer sets yfkO- 
FT-for2 and yfkO-FT-rev2 (Supplementary Table S2). 
Approximately 600pmol of the purified PCR product 
was end-labelled using T4 polynucleotide kinase (Roche 
Diagnostics) and 50 |iCi [y^¥]-ATP (GE Healthcare). The 
labelled hypO-spQcific promoter probe was purified by 
ammonium sulphate/ethanol precipitation and 2000 cpm 
was incubated with different amounts of purified HypR 
proteins for lOmin at room temperature in EMSA- 
binding buffer (10 mM Tris-HCl pH 7.5, 100 mM KCl, 
5% glycerol (v/v) in the presence of 50|ig/ml of BSA 
and 5 |ig/ml of Salmon sperm DNA. The concentrations 
of the compounds used for the DNA-binding assays were 

1 mM NaOCl, 1 mM diamide, 1 mM DTT. DNA-binding 
reactions were separated by 4% native polyacrylamide gel 
electrophoresis in lOmM Tris-HCl pH 8, 1 mM EDTA 
buffer, containing 2.5% glycerol at room temperature 
and constant voltage (250 V) for 15min. Gels were dried 



and the radiolabelled bands were visuaHzed using 
phosphoimaging. 

DNase-I footprinting analysis 

Primer yfkO-FT-for2 and yfkO-FT-rev2 were each 5^-end 
labelled using T4 polynucleotide kinase (Roche 
Diagnostics) and 50|iCi [y^¥]-ATP (GE Healthcare) 
and purified using ethanol precipitation. DNA probes 
for hypO (corresponding to positions —160 to +79 
relative to TSS), were synthesized by PCR ampHfication 
using one 5^-end-labelled primer and the correspond- 
ing non-labelled primer, respectively (Supplementary 
Table S2). Purified PCR fragments that are labelled at 
one 5^-end were used as sequencing templates. DNA 
probe purification and DNase I footprinting was per- 
formed as described previously (25). 

In vitro transcription assay 

In vitro transcription assays were performed as described 
previously (33) using 0.5 |iM HypR, HypRCHS and 
HypRC49S proteins which were added to the in vitro tran- 
scription reactions. Templates for a 380-bp PCR product 
containing the hypO promoter were generated by 
PCR with primers yfkO-FT-for2 and yfkO-FT-rev3 
(Supplementary Table S2), gel purified and used at 
0.1 pmol in each reaction. Core E. coli RNA polymerase 
[Epicentre Biotechnologies (Madison, WI, USA)] was 
used at 2 pmol per reaction and combined with 8 pmol 
purified SigmaA protein from B. subtilis (molar ratio 
1 :4) that was expressed from plasmid pNG590 according 
to (34). RNAP holoenzyme formation was allowed for 
1 5 min on ice prior to addition to the reactions containing 
HypR protein that was reduced by DTT or oxidized by 
diamide and NaOCl. Transcription reactions were per- 
formed for 15 min at 37°C and terminated by addition 
of stop buffer. Reactions were separated on 8.3 M urea- 
6% polyacrylamide gels and the run-off transcripts 
visualized by phosphoimaging. 

Western blot analysis 

Anti-HypR polyclonal rabbit antiserum was generated 
using purified His-tagged HypR protein. The polyclonal 
antisera were used for immunoprecipitation experiments 
and western blot experiments at 1:200 dilution. Protein 
amounts of 25 |ig were loaded onto a 15% SDS-PAGE 
gel and the western blot analysis was performed as 
described previously (25). 

Immunoprecipitation and non-reducing/reducing diagonal 
SDS-PAGE analysis 

Bacillus subtilis cells were treated with 1 mM diamide and 
50 |iM NaOCl and harvested with 50 mM iodoacetamide 
(I AM) to alkylate all reduced thiols. Cells were sonicated 
and the protein extracts obtained after repeated centrifu- 
gation. Immunoprecipitation using HypR-specific 
antibodies was performed with Dynabeads-ProteinA 
(Invitrogen) according to the instructions of the manufac- 
turer. The precipitated proteins were eluted by boiling 
in non-reducing SDS sample buffer (4% SDS; 62.5 mM 
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Tris-HCl pH 8.0, glycerol). Immunoprecipitated HypR 
protein was separated using the non-reducing/reducing 
diagonal SDS-PAGE analysis as described previously 
(35) and subjected to HypR- specific western blot analysis. 

Proteome analysis 

Preparation of cytoplasmic L-[^^S]methionine-labelled 
proteins from cells treated with 0.5 mM MHQ or 1 mM 
diamide and separation by 2D gel electrophoresis (2D- 
PAGE) was perfomed as described (36). The image 
analysis was performed with the DECODON Delta 2D 
software (http://www.decodon.com). 

MALDI-TOF mass spectrometry of in vitro 
oxidized HypR protein 

The HypR protein was oxidized with NaOCl and 
alkylated with lAM introducing a mass shift of 57 Da in 
reduced Cys residues. Then HypR protein was reduced 
with DTT and alkylated with NEM leading to a mass 
shift of 125 Da in oxidized Cys. HypR protein was 
separated by non-reducing SDS-PAGE, digested with 
trypsin and the peptides were spotted onto MALDI- 
targets (Voyager DE-STR, PerSeptive Biosystems) and 
measured using a Proteome-Analyzer 4800 (Applied 
Biosystems, Foster City, CA, USA) as described (25). 

Orbitrap-mass spectrometry of oxidized HypR 

Stained gel-bands of immunoprecipitated HypR harvested 
from wild-type cells or purified His-HypR protein were 
tryptic digested. Tryptic peptides were separated and 
measured onHne by ESI-mass spectrometry using a 
nanoACQUITY UPLC™ system (Waters, Milford, 
MA, USA) coupled to an LTQ Orbitrap™ XL mass spec- 
trometer (Thermo Fisher Scientific, Waltham, MA, USA) 
as described (17). Post-translational modifications of 
HypR were identified by searching all MS/MS spectra 
against a B. subtilis target-decoy protein sequence 
database extracted from UniprotKB release 12.7 using 
Sorcerer™-SEQUEST®. The Sequest search was carried 
out considering the following parameter: parent ion 
mass tolerance of lOppm, fragment ion mass tolerance 
of 1.00 Da, Methionine oxidation (+15.99492 Da), 
cysteine carbamidomethylation (+57.021465 Da) and 
Cys+ICPSITQR peptide (+914.4873 Da) were set as 
variable modifications. Sequest identifications required at 
least ACn scores >0.10 and XCorr scores more than 2.2, 
3.3 and 3.75 for doubly, triply and quadruply charged 
peptides. 

Crystallization, data collection and refinement of reduced 
HypRC14S and oxidized HypR protein 

His-tagged HypRC14S and HypR proteins were purified 
using Ni-affinity chromatography and anion-exchange 
chromatography. The HypRC14S protein was purified 
with P-mercaptoethanol and used for crystal structure 
determination of reduced HypR. The wild-type HypR 
protein was oxidized with 1 mM diamide before purifica- 
tion by anion exchange chromatography. Reduced 
HypRC14S protein was concentrated to 15mg/ml in 



150mM NaCl, 20 mM Tris-HCl pH 8.0, 5mM DTT 
and crystalHzed from 12% PEG 8000 by the hanging 
drop vapour diffusion method. Prism-shaped crystals 
appeared after a few days. Crystals were briefly soaked 
in 20% PEG 4000, 10% PEG 400 and cryocooled in the 
N2-stream at 100 K. Oxidized HypR was crystallized from 
6% PEG 4000, 0.4 M Li2S04 in the form of thick hex- 
agonal plates or prisms. Fifteen per cent PEG 8000, 
15% PEG 400 were used as cryoprotectant. Diffraction 
data were collected at beamline BL 14.2 at the synchro- 
tron BESSY in BerHn, Germany (Table 1). 

The structure of reduced HypR was solved by molecular 
replacement (37) using the YtcD structure from B. subtilis 
(PDB entry 2 hzt, 49% sequence identity for 133 amino 
acids). Refmac5 version 5.5.0110 (38) was used to 
refine using TLS and no NCS restraints (statistics, see 
Table 1). One Hgand per monomer was identified as 
(3-mercaptoethanol. A monomer of reduced HypR was 
used to solve the structure of the oxidized protein by 
molecular replacement. Pseudosymmetry of the eight 
monomers in the asymmetric unit about a 2-fold axis on 
a causes nearly perfect twinning of the P65 crystals with 
apparent P6522 symmetry in the diffraction pattern. To 
reduce the influence of model bias, the density was 
improved by non-crystallographic symmetry averaging 
over the eight copies in the asymmetric unit, using the 
RESOLVE density modification algorithm (39) as imple- 
mented inPhenix (40). 

Secondary structure elements were assigned by DSSP 
(41). The dimerization interface was calculated by the 
PISA server (42). Figures of structural models were 
made with PyMOL (http://www.pymol.org). The struc- 
tural data were submitted to the PDB database under 
the PDB entry 4a5n for reduced HypR and 4a5m for 
oxidized HypR. 

DTNB assay to determine the pTTa of Cysl4 and Cys49 
residues in His-HypR 

The purified His-HypRC14S and His-HypRC49S mutant 
proteins were used to determine the ^K^ of the Cys 14 
and Cys49 residues by reaction with 5,5^-dithiobis- 
(2-nitrobenzoic acid) (DTNB) generating 2-nitro-5 
thiobenzoate. Defined amounts of proteins (4.66 |iM 
HypRC14S or 4.93 |iM HypRC49S) reacted with 
10-20 |iM DTNB in phosphate/citrate buffer (50 mM 
phosphate, 50 mM citrate, lOOmM NaCl) at various pH 
values ranging from pH 6 to 8.5. The pH-dependent rate 
of reactions ^(pH) of the HypR Cys mutants with DTNB 
was measured as time-dependent absorbance change at 
410 nm at room temperature using a Cary 50 spectropho- 
tometer (Agilent Technologies, Waldbronn, Germany). 
The following equation was used for a first fit of the 
time-dependent absorbance change by non-linear 
regression: 

^4io(0 = ^4io,o+A^4io(l - ^-^(P«>0. The resulting 
pH-dependent rate of reactions k(pH) were used in a 
second fit to obtain the pT^a of the thiol. The first order 
kinetic constant k(pH) is proportional to the fraction of 
deprotonated thiol, which is pH dependent: 

^(PH) = |^|Q;,^^thlOr)-pH- 
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Table 1. Crystallographic data collection and refinement statistics^ 
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RESULTS 

Identification of HypR (YybR) as hypochlorite-sensing 
positive regulator of the oxidoreductase 
HypO (YfkO) 

Previous transcriptome analyses revealed that the 
unknown DUF24-type regulator encoded by yybR 
responds strongly to diamide, quinones and hypochlorite 
(Figure IB) (17,43,44). In addition, several FMN- 
dependent NAD(P)H oxidoreductase-encoding genes 
were up-regulated, including yfmJ, ytkL, ywnB, yqiG, 
yqjM, ywrO, ydeQ, yugJ and yfkO (Figure lA and B) 
(43). Some of these redox enzymes are members of the 
Spx regulon, such as yqiG and yugJ suggesting that 
these could function in maintenance of the thiol-redox 
homeostasis (45,46). We were interested if the 
DUF24-family regulator YybR controls one of these 
oxidoreductases. Using northern blot analysis we found 
that the NAD(P)H-flavin oxidoreductase encoded by 
yfkO was strongly induced in the wild-type but not in 
the yybR mutant in response to diamide, NaOCl and 
MHQ stress (Figure IC). This suggests that jjZ^T^ positive- 
ly controls yfkO transcription in response to diamide and 
NaOCl stress. In addition, yybR transcription is probably 
also strongly autoregulated by thiol-specific stress condi- 
tions. Hence, yybR was renamed as hypochlorite- 
responsive regulator hypR and yfkO was renamed as 
hypO. The northern blot analysis further revealed that 
hypR and hypO are transcribed monocistronically. Using 
primer extension, the 5^-ends of the hypO and hypR 
specific transcripts were mapped at T and A, respectively, 
located 31 and 55 bp upstream of the start codon 
(Supplementary Figure S2). 



The HypR-controUed nitroreductase HypO confers 
resistance to NaOCl stress 

Previous phenotype analyses have shown that the 
OhrR-controlled OhrA peroxiredoxin is a specific deter- 
minant of NaOCl detoxification (17). Recently, it was 
shown that HypO shows nitroreductase activity in vitro 
(47). We analysed the growth phenotype of AhypR and 
AhypO single and AhypOAohrA double mutants to inves- 
tigate whether the HypO nitroreductase contributes to 
NaOCl resistance. No differences in the sensitivities of 
the AhypO and AhypR single mutants were detected 
compared to the wild- type (Supplementary Figure S3 A 
and S3B). However, the growth of the AhypOAohrA 
double mutant was significantly more impaired than that 
of the AohrA single mutant after treatment with 75 |iM 
NaOCl (Figure 2 and Supplementary Figure S3C). This 
indicates that HypO also provides protection against 
NaOCl stress in B. subtilis. 



Cysl4 and Cys49 of HypR are essential for activation 
of hypO transcription 

HypR has two Cys residues (Cysl4 and Cys49) and Cysl4 
is conserved among DUF24-family regulators 
(Supplementary Figure SI A). We investigated the role of 
Cys 14 and Cys49 of HypR in regulation of hypO tran- 
scription in hypRCMS, hypRC49S and hypRC14,49S 
mutants in vivo (Figure IC). Northern blot analysis 
revealed that hypO transcription was abolished in the 
hypRCMS, hypRC49S and hypRC14,49S mutants by 
diamide and NaOCl in vivo. These results clearly 
indicate, that both Cys 14 and Cys49 of HypR are essential 
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Figure 1. HypO induction in the proteome (A), transcriptional induction of hypO and hypR in the transcriptome (B) and northern blot analysis of 
hypO and hypR transcription (C) under thiol-specific stress conditions. (A) Cytoplasmic proteins were labelled with ^^S-methionine before (control) 
and after stress exposure and separated by 2D-PAGE as described (36). Close-ups of the overlay proteome images are shown for the wild-type before 
(green images) and lOmin after exposure to 1 mM diamide (left, red image) or 0.5 mM MHQ (right, red image). Proteins with increased protein 
synthesis ratios after MHQ and diamide stress including HypO are labelled that were identified from Coomassie-stained 2D gels as described (36). 

(B) The values represent fold-changes of hypR and hypO induction ratios in two biological rephcates of transcriptome experiments of cells treated 
with 1 mM diamide, 0.5 mM MHQ, 50 jiM NaOCI and 100 )iM chromanon according to previously pubhshed transcriptome data (17,26,44). 

(C) Northern blot analysis was performed using RNA isolated from B. subtilis wild-type, the AhypR mutant and the AhypR mutant complemented 
with hypR, hypRCMS, hypRC49S and hypRC14,49S before (co) and lOmin after treatment with 0.5 mM MHQ, 1 mM diamide and 50|iM NaOCI. 
The arrows point toward the hypO and hypR specific transcripts. The methylen-blue stained northern blot is shown below as RNA loading control 
and the 16S and 23S rRNAs are labelled. 
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Figure 2. The OhrA peroxiredoxin and the nitroreductase HypO 
protect cells against hypochlorite toxicity. Growth phenotype of 
B. subtilis wild-type (WT), AohrA and AohrAAhypO mutant strains 
that were treated with 75 |iM NaOCI at an OD500 of 0.4. The growth 
curves are representives of at least three independent growth experi- 
ments. Two biological rephcates are shown in Supplementary Figure 
S3A-S3C. 



for activation of hypO transcription by disulphide stress 
in vivo. 

Transcription of hypR is possibly autoinduced in the 
wild-type and in the hypR complemented /AhypR mutant 
strain by disulphide stress. However, the /zj/>7^- specific 
mRNA amounts were also induced in the hypRCMS, 
hypRC49S and hypRC14,49S mutants after diamide 
stress, although hypR transcription was strongly decreased 
in the hypRCMS and hypRC14,49 S mutants compared to 
the wild-type (Figure IC). The response of the HypRC49S 
protein to disulphide stress could be caused by 
S-thiolation of the redox-sensitive Cysl4 residue, leading 
to autoinduction of hypR transcription. It is also possible 
that hypR transcription is controlled by another MarR/ 
DUF24-family paralog (e.g. YdeP or YkvN) in the 
hypRCMS, hypRC49S and hypRCM,49S mutants 
explaining the response of the hypRCys mutants. 
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Identification of HypR operator sites and effect 
of disulphide stress on DNA-binding activity of 
HypR in vitro 

DNase-I footprinting analysis was performed to identify 
the c/^-acting sequences which function as operator sites 
for HypR binding in the hypO upstream region in vitro. 
HypR-His protein protected a region upstream of the 
hypO promoter from positions —53 to —95 relative to 
the transcription start site (Figure 3 A). The protected 
region contains a 7-2-7 bp inverted repeat GTATCAA 
AA TTGATAC that is also present at positions +24 to 
+39 downstream of the hypR promoter (Figure 4). The 
position of this HypO-box confirms the notion that 
HypR is a positive transcriptional regulator of hypO tran- 
scription, but probably represses its own transcription. 
Furthermore, we were interested if the DNA-binding 
activity is affected by diamide and NaOCl in vitro and 
performed gel-shift and DNase-I footprinting analysis of 
HypR protein under reduced and oxidized conditions. The 
gel-shift experiments showed binding of HypR to the 
hypO operator sites at similar affinities under reduced 
and oxidized conditions (Figure 3B). The calculated dis- 
sociation constants (K^) were 0.18 |iM for reduced HypR, 
0.14 |iM for diamide-oxidized HypR and 0.12 |iM for 
NaOCl-oxidized HypR proteins (Supplementary Figure 
S4A and S4B). This indicates no significant change in 
the DNA-binding affinities of reduced and oxidized 
HypR proteins. Similar values were calculated for 



reduced HypRC14S and HypRC49S mutant proteins 
with 0.14 and 0.12 |iM, respectively and oxidation 
caused no significant change in the DNA-binding affinities 
of the Cys mutant proteins (Supplementary Figure S4A 
and S4B). However, we observed a change in the mobihty 
of oxidized HypR compared to reduced HypR in the 
gel-shift assays which was DTT-reversible (Figure 3B). 
In addition, the DNase-I footprinting analysis showed 
a higher affinity of oxidized HypR protein to the 
hypO promoter region indicating an increased 
DNA-binding activity of oxidized HypR protein in vitro 
(Figure 3 A). 



Transcription of hypO is activated by HypR after diamide 
and NaOCl stress in vitro 

Next, we analysed whether transcription of hypO is 
activated by oxidized HypR using an in vitro transcription 
assay. In brief, using E. coli RNA polymerase core enzyme 
(RNAP) and purified SigmaA and HypR proteins from B. 
subtilis we performed the in vitro transcription assay for 
the hypO gene as described previously (33). This assay 
showed the production of a hypO run-off transcript of 
the expected size of 220 bp only when HypR was present 
in the in vitro reactions, indicating that HypR activates 
transcription of the hypO gene in vitro (Figure 5). 
Transcription of hypO increased ~2. 5-fold when HypR 
protein was oxidized by diamide and NaOCl treatment 
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Figure 3. DNase-I footprinting experiments (A) and gel-shift experiments (B) of purified HypR protein to the hypO promoter in the presence of 
DTT, diamide and NaOCl. (A) The HypR-protected operator sequence is indicated at the right side of the DNase-I footprint including an 7-2-7 bp 
inverted repeat with the sequence G TA TCA A A A TTGA TA C that is labelled by arrows in the sequence aUgnment in Figure 4. The positions relative 
to the transcriptional start site are shown on the left. Transcription start site is indicated by (+1). For dideoxynucleotide sequencing, the dideoxy 
nucleotide added in each reaction is indicated above the corresponding lane. HypR protein was treated with 1 mM DTT or 1 mM diamide prior to 
the DNA-binding reactions. (B) EMS As were used to analyse the effect of DTT, 1 mM diamide and 100 \\M NaOCl on the DNA-binding activity of 
purified HypR, HypRC14S and HypRC49S proteins to the labelled hypO promoter probe. The HypR protein amounts used for the DNA-binding 
reactions are indicated. The EMS A experiments are representives of three rephcate experiments. The change in the DNA-binding affinity 
and dissociation constants (ATd) of reduced and oxidized HypR, HypRC14S and HypRC49S proteins are calculated in Supplementary Figure S4A 
and B. 
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Figure 5. In vitro transcription analysis of hypO in the presence of RNA polymerase holoenzyme (RNAP) and purified HypR (A and B) and 
HypRC14S proteins (C and D) treated with DTT, diamide or NaOCI. The reactions in (A) and (C) show increased hypO transcription ratios by 
oxidized HypR but not by oxidized HypRC14S mutant protein. The reactions in (B) and (D) show reduced hypO transcription ratios by oxidized 
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The in vZ/ro-transcription analyses of hypO are representives of three rephcate experiments and the relative transcription ratios were quantified in 
Supplementary Figure S4C. RNA size standard was generated using the Perfect RNA marker template mix (Novagen). The hypO specific run-off 
transcript is labelled at a size of 220 bp. 



compared to reactions with DTT-reduced HypR 
(Figure 5 A and Supplementary Figure S4C). This indi- 
cates that the increased DNA-binding affinity of 
oxidized HypR protein to the hypO promoter observed 
in the DNase-I footprinting analyses, results in increased 
activation of hypO transcription in vitro. In addition, 
hypO specific transcription ratios decreased in the 



in vitro transcription reactions containing oxidized 
HypR protein that was subsequently reduced with DTT 
(Figure 5B and Supplementary Figure S4C). In contrast, 
transcription of hypO was not increased by oxidation of 
HypRC14S mutant protein in vitro and also not affected 
by oxidized HypRC14S protein that was treated subse- 
quently with DTT (Figure 5C and D; Supplementary 
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Figure S4C). These results show that oxidation of HypR 
increases activation of hypO transcription by the RNAP 
in vitro. 

HypR senses diamide and NaOCl by a Cysl4-Cys49^ 
thiol-disulphide switch 

To analyse the oxidative modification of HypR in vitro, 
purified HypR-His-protein was treated with diamide and 
NaOCl and separated using non-reducing SDS-PAGE. 
HypR is reversibly oxidized to intersubunit disulphides 
by diamide and NaOCl stress since it migrates at the 
size of the HypR dimer upon oxidation (Figure 6A). In 
contrast, the majority of HypRCHS and HypRC49S 
mutant proteins do not form intermolecular disulphides 
upon oxidation. 

Using MALDI-TOF-MS, we analysed the 
Cys-containing tryptic peptides of reduced and oxidized 
HypR proteins. In the mass spectrum of oxidized HypR 
the mass peak of 2478.0686 Da corresponds to the Cysl4- 
peptide (EGCPVEFTLDVIGGK) of 1563.7723 Da that is 



disulphide linked to the Cys49^-peptide (ICPSITQR) of 
914.4873 Da (Supplementary Figure S5A and S5B). 
Detailed CID MS/MS analysis of this 4-fold charged 
peptide with an mjz = 620.315 confirmed that Cysl4 is 
linked to Cys49' in the HypR intersubunit- 
disulphide-linked dimer (Figure 6B, Supplementary 
Figure S6A, S6C, S6D and S6E). 

In addition, a differential Cys-alkylation approach by 
lAM and NEM was used to trap the oxidized 
Cys-peptides in HypR (Supplementary Figure S5C-S5F). 
Reduced and oxidized HypR proteins were first alkylated 
with I AM. The proteins were washed by acetone precipi- 
tation, resolved in 8 M urea, followed by DTT reduction 
of oxidized thiols and alkylation with NEM. Reduced Cys 
residues should then be lAM alkylated and oxidized Cys 
residues NEM alkylated. The tryptic Cysl4 and Cys49 
peptides of reduced and oxidized HypR proteins were 
analysed by MALDI-TOF-MS. The Cys49 peptide was 
alkylated predominantly with lAM in reduced HypR 
(mass peak 974.50 Da) and with NEM in oxidized HypR 



HypR 



HypRC14S 



HypRC49S 



HypR- 35 
Dimer 25 

HypR 



kDa M CO Dia NaOCl co Dia NaOCl co DIa NaOCl 

40 




EGC14PVEFTLDVIGGK (1563.7723 Da) 
I 

(+914.4873 Da) 



IC49PSITQR 



B 



76%" 




-T H 



H E 1 V \ p H 



b8-H20-H23+2H 
b8-lic+2H 



2.477,23 AMU, +4 H (Parent Error: -3,6 ppm) 
H P \ V \ E 



1,1 



b3 y12 



HypR^ 35 
Dimer "25 

HypR --- 



WT WT ^hypR 

kDa M CO Dia CO Dia Dia 

HypR 
Co 




Non-reduced 



-DTT +DTT 




Figure 6. HypR is oxidized to Cysl4-Cys49^ intersubunit disulphides in response to diamide and NaOCl in vitro (A and B) and in vivo (C and D). 
(A) His-HypR protein was treated with 1 mM diamide or 100 )iM NaOCl, alkylated with 50 mM I AM and subjected to non-reducing SDS-PAGE 
analysis. The bands corresponding to the oxidized HypR disulphide dimer were tryptically digested and analysed using LTQ-Orbitrap mass spec- 
trometry. (B) The Cysl4-Cys49'-intermolecular disulphide-containing peptide was observed as quadruply charged precursor ion at an 
mjz = 620.3151. The CID MS/MS spectrum of this Cysl4-Cys49'-disulphide peptide is shown with b and y ion fragment ions in red and blue. 
The detailed MS/MS data for this peptide including the Xcorr, ACn scores, precursor ion and neutral molecular masses of the peptide and the 
fragment ion seria are presented in Supplementary Figure S6. (C) ID-western blot analysis and (D) 2D-diagonal western blot analysis of 
immunoprecipitated HypR protein purified from wild-type cells before (co) and after exposure to diamide and NaOCl in the presence of 50 mM 
lAM using HypR-specific polyclonal antibodies. The HypR-specific intersubunit disulphide is indicated by an arrow that was also visible in 
non-reducing SDS-gels and analysed using Orbitrap LC-MS/MS. The CID MS/MS spectrum, the Xcorr, ACn scores, precursor ion and neutral 
molecular masses of the peptide and fragment ion seria of this Cysl4-Cys49'-disulphide peptide of HypR purified from cells in vivo are presented in 
Supplementary Figure S6. 
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(mass peak 1042.53 Da). The Cysl4 peptide was alkylated 
mostly with NEM in oxidized HypR (mass peak 
1688.87 Da). This differential lAM/NEM thiol-trapping 
approach confirms that both Cysl4 and Cys49 are revers- 
ibly oxidized in HypR protein in vitro. 

The oxidation of HypR was analysed in vivo by non- 
reducing western blot analyses (Figure 6C) and the 2D 
non-reducing/reducing diagonal western blot analysis of 
immunoprecipitated HypR protein harvested from 
NaOCl-, diamide- and MHQ-treated cells (Figure 6D). 
HypR migrates strongly at the right side of the diagonal 
under disulphide stress in the diagonal western blot 
(Figure 6D) indicating HypR oxidation to intersubunit 
disulphides in vivo. Detailed CID MS/MS analysis of the 
immunoprecipitated HypR dimer identified the Cysl4- 
Cys49^-disulphide-Hnked peptide in vivo (Supplementary 
Figure S6B, S6C, S6F and S6G). 

Crystal structure of the reduced HypRC14S protein 

To avoid artificial oxidation of HypR during crystalliza- 
tion, HypRC14S protein was crystallized in the presence 
of P-mercaptoethanol. The structure was solved using mo- 
lecular replacement and refined to 1.8 A resolution. 
Electron density is visible for residues 13-117 of the 
native 125 residues (Figure 7). The asymmetric unit 
contains four similar monomers, organized in 2 biological 
dimers, 4 mercaptoethanol and 279 water molecules. The 
structure was refined to an T^cryst of 0.1935 and T^free of 
0.2336. The overall structure of reduced HypR comprises 
a homodimer adopting a triangular shape with 
non-crystallographic 2-fold symmetry as found in all 
MarR-family proteins (48). The structure has the follow- 
ing secondary structure elements: al(15-23)-a2(28-35)- 
a3(42-48)-a4(54-66)-p2(70-75)-p3(81-86)-a5(88-114) 
(Figure 7 A and D). The two monomers associate via a 
large dimer interface of 1600A^ provided by helices al, 
oc2, oc5 and their symmetry mates aT, a2^, a5^ Helix a5 is 
much longer than in the OhrR-family proteins exemplified 
by SarZ of S. aureus and OhrR of X. campestris 
(Supplementary Figure SIB). Pro95 and Glyl05 induce 
kinks at positions 93 and 107 in HypR. The dimer inter- 
face significantly differs from that in OhrR structures since 
a6 is missing in HypR (Supplementary Figures SIB, S7A, 
S7C and S7D). 

Each monomer contains a winged helix-turn-helix 
(wHTH) DNA-binding motif constituted by P2, P3, a3 
and a4. Helix a4 is the recognition heUx in the 
DNA-binding domain and the anti-parallel P-sheet of P2 
and P3 forms the wing. The HTH motif binds in the major 
groove, the wing in the minor groove. The pi -strand, that 
is found in OhrR-Hke proteins between a2 and a3 
(Supplementary Figure SIB) is not explicitely assigned 
by DSSP, but the P2-P3 sheet forms two main chain 
hydrogen bonds to Lys40, a shortened version of pi. 

The reactivity of the redox-sensing Cysl4 

The redox-sensing Cysl4 of HypR is located at the 
N-terminus of helix ocl (Figure 7E and F). The Cysl4 
thiolate is stabilized by hydrogen bonds with Vall6N, 
Glul7N and a water molecule. There are no positive 



charged amino acid residues in close vicinity of Cysl4 
that could lower its p^a value; LyslOT is > 10 A away 
and hydrogen bonded to Tyr33^ Instead, the reactivity 
of the Cysl4 thiolate is increased by helix ocl at whose 
N- terminal end Cysl4 is located (49,50). The helix 
dipole lowers the ^K^ of Cysl4 to allow at physiological 
pH values the formation of the reactive, nucleophilic 
thiolate susceptible to oxidation. 

We used the reaction with 5,5^-dithiobis-(2-nitrobenzoic 
acid) (DTNB) to analyse the reactivity of both cysteines 
at different pH values using His-tagged HypRC14S and 
His-HypRC49S mutant proteins (Figure 8). Spectroscopic 
measurement of the released 2-nitro-5 thiobenzoate allows 
determination of the fraction of deprotonated thiol groups 
and thus the ^K^ value. The Cysl4 thiol has a more acidic 
pi^a of 6.36 ± 0.04 (random error calculated from the 
second fit) suggesting that Cysl4 is present as thiolate 
anion and a preferred target for oxidation by diamide or 
NaOCl (Figure 8B). In contrast, the ^K^ of Cys49 was 
determined as 8.51 ± 0.07 indicating that Cys49 is 
present in its protonated thiol form at physiological pH 
values in the cytoplasm (Figure 8A). The observed ^K^ 
value of the thiol group of Cys49 is also in accordance 
to its locaHzation in a hydrophobic environment 
provided by Ile52, Trp27, Ile30, Leu31, Gln60Cy and 
Ile48. The sulphur atoms of Cysl4 (presumed to be at 
the position of Serl40y) and Cys49^ residues of the 
opposing subunits are ~8-9 A apart in the HypR dimer 
(9.0, 8.5, 8.0 and 8.3 A in monomers A, B, C and D, 
respectively). 

Structural changes of HypR upon oxidation to 
intermolecular disulphides 

For crystallization of oxidized HypR protein, His-HypR 
protein was treated with 1 mM diamide for 1 5 min and the 
formation of HypR intersubunit disulphides was verified 
by non-reducing SDS-PAGE. The structure of oxidized 
HypR protein could be solved in P65 and P6522 using 
molecular replacement with reduced HypR as model, 
and taking twinning into account refined to 3.0 A reso- 
lution in the lower symmetry. Eight monomers are in 
the asymmetric unit forming four biological dimers. 
Electron density is visible in all monomers only for 
residues 14-108 (Figure 7B). Both intermolecular Cysl4- 
Cys49^ and Cysl4^-Cys49 disulphide bonds are visible at 
1.3 a in the IF^-F^ maps in three of four biological dimers 
of the asymmetric unit (Figure 7G and H). To confirm 
that there is useful signal in the data to 3.0 A resolution, 
we computed the correlation between observed and 
calculated structure factor ampHtudes in resolution 
shells, before the highest resolution data had been used 
in structure refinement, as described by Ling et al. (51) 
(Supplementary Figure S8D). After refining the molecular 
replacement solution against data limited to 3.3 A reso- 
lution, there was a good correlation between observed 
and calculated structure factors to 3.0 A resolution; in 
the 3. 1-3.0 A resolution shell, the correlation was 0.21 
and the i?-factor was 0.45. 

Superimposition of the oxidized on the reduced 
monomer shows a similar overall structure (r.m.s.d. on 
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Figure 7. Structures of reduced HypRC14S (A) and oxidized HypR proteins (B), superimposition of reduced and oxidized HypR (C) and secondary 
structure assignments (D). (A) Reduced HypRC14S dimer with monomers C and D coloured in grey and blue, respectively. Residues Serl4 and 
Cys49 are shown in yellow as sticks and spheres (Oy and Sy, respectively). (B) Oxidized HypR protein with the Cysl4-Cys49' intersubunit disulphide 
with monomers C and D, labelled in grey and blue, respectively. The intermolecular disulphide bond is shown in yellow in monomer C. 
(C) Superimposition of the oxidized HypR dimer (light and dark blue) and the reduced HypR dimer (light and dark green). The Hypi?ox/red side 
view is shown and Cysl4 and Cys49^ are shown as yellow sticks. One monomer of each dimer (on the right, dark blue and dark green) is ahgned to 
visualize the differences in the opposing monomers. (D) The secondary structure elements of HypR are al(15-23), a2(28-35), a3(42-48), a4(54-66), 
p2(70-75), p3(81-86), a5(88-114) that are shown as red tubes (a-helices) and green arrows (P-sheets). The redox-sensing Cysl4 and the Cys49 are 
labelled in yellow. (E-H) The pocket of the redox-sensitive Cys residues in reduced and oxidized HypR. (E) Electron density map (IFq-Fc at la in 
blue) and (F) key interactions between al and a3' hehces including the Cysl4Ser and Cys49' residues for reduced HypR. The atoms are coloured in 
yellow (carbon), dark blue (nitrogen), red (oxygen) and green (sulphur); water molecules are shown as red spheres and hydrogen bonds are labelled 
as dashed lines. Cysl4Ser is shown in orange forming hydrogen bonds with Vall6 and Glul7. Cys49' is in a hydrophobic environment formed by 
Ile52', Trp27', Ile30', Leu31', Gln60Cy', Ile48'. The distance between Serl40y and Cys49'Sy that form the intermolecular disulphide bond is 8.48 A. 
(G) Electron density map (IFq-Fc at la in blue) and (H) structure of the Cysl4-Cys49^ intersubunit disulphide region in oxidized HypR. HeUces a3' 
and a4' on the right are oriented as in Figure 7EF, this emphasizes the movement of a4 on the left. 
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Figure 8. The pH dependence of the reactivity of Cysl4 and Cys49 with DTNB. The absorbance at 410 nm at different pH values from 6 to 8 
resulting from the release of 2-nitro-5 thiobenzoate after reaction of Cys49 of the HypRC14S (A) and of Cysl4 of the HypRC49S (B) mutant 
proteins with DTNB is plotted over the time. (C and D) The kinetic constants {k) of the Cys49 and Cysl4 reactions with DTNB are plotted against 
the pH and fitted resulting in a p^a of 8.51 for Cys49 (C) and a ^K^ of 6.36 for Cysl4 (D). 



Cas: 0.9-1.1 A) (Figure 7A-C, Supplementary Figure 
S8A, S8B and S8C). The most significant local difference 
close to these cysteines is the change of the xi angles of 
Cysl4 from 150° in the reduced to —80° in the oxidized 
form (averages for well determined cysteines). Cysl4Sy 
does not make hydrogen bonds in the oxidized form. 
The major changes of HypR upon oxidation are in the 
quaternary structure. If one of the monomers in the 
dimer is superimposed, the second monomer rotates 8° 
around an axis in the helix oc5-a5^ interface, the rotation 
hinge (Supplementary Figure S8). The dimer interface is 
thus almost unchanged between heUces a5 and a5^ but is 
compressed between heUces al-oc2 and aV-^il' . In the 
reduced form water molecules separate Gly25N and 
Gly25^N; in the oxidized form these residues come close. 
The DNA-binding domains move up to 4 A towards each 
other, loops al-a2, a3, N- terminus of a4 and the wing 
formed of (32-P3 shift strongly. This is visualized in the 
change of Ca-Ca^ distances in the reduced compared to 
the oxidized conformation (Supplementary Figure S9). 

Since HypR resembles a transcriptional activator, disul- 
phide bond formation should re-arrange the 
DNA-binding heUces a4 and a4^ in the opposing 
subunits of the dimer to enable binding to consecutive 



crevices of the major groove of the DNA duplex under 
oxidized conditions. This shift of the DNA-binding 
domains is observed in all crystallographically inde- 
pendent dimers, and visualized in the superimposed struc- 
tures of reduced and oxidized HypR (Supplementary 
Figure S8). The spacing between the oc4-a4^ helices is 
30 A in reduced HypR and 27 A in oxidized HypR 
(measured at the heUx axis between residues Leu61 and 
Arg62). Compared to the related two-Cys-type OhrRxc 
regulator, HypR oxidation results in only a small 
domain domain movement of the DNA major groove rec- 
ognition a4 and a4^ heUces. 

DISCUSSION 

The role of the DUF24 family regulator HypR that 
controls the HypO nitroreductase 

The MarR/DUF24 family is conserved among 
Gram-positive bacteria, and members of this family have 
been characterized in Corynebacterium glutamicum and 
B. subtilis. QorR of C. glutamicum was characterized as 
a repressor that senses diamide and H2O2 and controls 
the quinone oxidoreductase QorA (52). Bacillus subtilis 
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encodes eight DUF24-family proteins (HypR, YodB, 
CatR, HxlR, YdeP, YdzF, YkvN and YtcD) and 
previous studies revealed that YodB and CatR respond 
to diamide and quinones by thiol-based mechanisms 
(7,24-26). Here, we have characterized the novel 
DUF24-type regulator HypR that is activated by hypo- 
chlorite and diamide stress by a thiol-disulphide switch. 
Recent studies showed that the OhrA peroxiredoxin is a 
specific determinant of NaOCl resistance (17). HypR posi- 
tively controls the putative nitroreductase HypO that 
provides together with OhrA protection against NaOCl 
stress in B. subtilis. The nitroreductase HypO has been 
recently structurally characterized (47). Nitroreductases 
are widely distributed flavoenzymes that catalyse the 
NAD(P)H-dependent reduction of nitroaromatic and 
nitroheterocycHc compounds (53). These enzymes have 
broad substrate specificities and can reduce also 
azocompounds, quinones, flavins and metal ions (Fe^^ 
and Cr04^~). Previous results suggested that the 
nitroreductases YodC and MhqN could function as azo- 
and quinone reductases (27,36,43). However, they could 
be also involved in the thiol-specific stress response and 
function as flavoprotein disulphide reductases. Indeed, the 
flavin-containing NAD(P)H oxidoreductase NfrA of 
Staphylococcus aureus showed weak disulphide reductase 
activity and was suggested to function as a thiol- 
disulphide oxidoreductase under disulphide stress (54). 
The homologous enzyme NfrAl of B. subtilis exhibits 
NADH oxidase activity, catalysing the oxidation of 
NADH to NAD^, and scavenges high concentrations of 
H2O2 (55). This suggests that HypO could function to 
restore the redox balance of the cells by direct detoxifica- 
tion of hypochlorite and diamide or by reduction of disul- 
phide bonds. 

Conservation and structural features of the reactive 
Cysl4 pocket of HypR 

HypR represents a two-Cys-type MarR-type regulator 
that is activated by Cysl4-Cys49^ intersubunit disulphide 
formation as confirmed by mass spectrometry. The 
DNasel-footprinting analysis showed that oxidized 
HypR bound with higher affinity to the hypO operator 
DNA and using an in vitro transcription assay we 
provide evidence for transcriptional activation of RNAP 
by oxidized HypR. The crystallographic analysis of 
reduced and oxidized HypR provides first structural 
insights into the reactive Cysl4 pocket and the conform- 
ational changes of HypR upon oxidation that could be 
required for specific interaction with the operator sites 
and/or transcription activation by RNAP. Examples for 
two-Cys type MarR-family repressors that have been 
structurally characterized include MexR of Pseudomonas 
aeruginosa and OhrRxc of Xanthomonas campestris 
(14,15,18,19). Interestingly, while OhrR-proteins and 
DUF24-family members share only limited sequence simi- 
larity, the redox-sensing N-terminal Cys residues aUgn 
between OhrR and HypR (Supplementary Figure SIB). 
Mutational analyses indicate that both Cys residues are 
essential for redox-regulation of HypR consistent with the 
two-Cys-type redox-switch model. The reactive Cys 14 



thiolate anion was confirmed using the DTNB assay, 
revealing a lower ^K^ value of 6.36 that is similar to 
that of Cysl5 in OhrRgs (with a ^K^ of 5.2). In both 
OhrRes and HypR structures, the N-terminal Cys is 
located at the N- terminus of helix al and the positive 
macrodipole of heUx al lowers its p^a value. Sequence 
aUgnments indicate that Cys 14 is conserved in DUF24 
paralogs and is also located at the N-terminus of helix 
al in other DUF24 paralogs (Supplementary Figure SI). 
It was shown previously that the conserved Cys6 and Cys7 
residues in YodB and CatR are required for redox-sensing 
(24,25). The reactive thiolate anion in OhrR proteins is 
stabilized by a conserved tyrosine hydrogen-bonding 
network (15,23,56). In reduced HypR the Cys 14 thiolate 
anion forms hydrogen bonds to Vall6N and GlulTN. 
Interestingly, Glul7 is conserved in DUF24 paralogs sug- 
gesting that a conserved hydrogen-bonding network 
stabilizes the reactive Cys thiolate. 

Structural changes of HypR upon oxidation to 
intersubunit disulphides 

MexR and OhrRxc sense oxidative stress by intermolecu- 
lar disulphide bond formation of two Cys residues of 
opposing subunits that are >15A apart. With this large 
distance, remarkable re-arrangements are required to 
bring the Cys residues together for disulphide bond for- 
mation. Upon oxidation, OhrRxc undergoes conform- 
ational changes in the a6-a6^ helices of the dimer 
interface leading to rigid body rotation of the HTH 
motifs and dissociation of OhrRxc from the^ operator 
DNA (15). Compared to the distance of 15.5 A between 
Cys22 and Cys 127' in OhrRxc, the distance of 8-9 A 
between Cys 14 and Cys49' in HypR is rather small. 
Thus, small structural changes are sufficient for disulphide 
bond formation and activation of HypR. Oxidation of the 
Cys 14 thiolate to sulphenylchloride by hypochlorite could 
abolish the negative charge on the sulphur and break the 
hydrogen bonding network. Rotation of the Cys 14 side 
chain about xi can then bring the sulphur closer to 
Cys49^ The subsequent formation of the disulphide pulls 
helices al and a2 closer to their counterparts, heUces al' 
and a2'. The move might be supported by the heUx dipole 
of al attracting the Cys49' thiolate. At the dimer's 2-fold 
axis Gly25N and Gly25'N are bridged by a water molecule 
and 6.5 A apart in the reduced form, but only 4 A apart 
with no water molecule in the oxidized form. The ionic 
interaction between Asp2105 and Lys26'N8 is only 
observed in the oxidized form (distance ~ 3.5 A), but not 
in the reduced form (~ 9 A). This interaction could tem- 
porarily stabilize the oxidized conformation until the di- 
sulphide bond is formed. 

Disulphide bond formation moves the a4 and a4' helices 
of HypR ~4 A towards each other causing minor changes 
in the spacing of the DNA-binding domains. Similarly, 
small conformational changes between the reduced and 
oxidized conformations were observed for MexR, that is 
inactivated by oxidation to Cys30-Cys62^ intersubunit di- 
sulphides (19). In oxidized MexR, neither the spacing of 
the major groove binding a4-a4^ helices, nor the orienta- 
tion of the dimerization domain was changed. Instead, 
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oxidation causes rigid body rotation of the ^2' and 
helices resulting in steric clashes of al' and the disulphide 
bond with the DNA backbone that lead to dissociation 
of the MexR repressor from the operator DNA (19). 
In contrast to the MexR repressor, the DUF24-family 
regulator HypR is activated by disulphide bond formation 
and local domain movements in the wHTH region might 
be sufficient for recognition of the operator sites and 
recruitment of the RNAP to initiate transcription. We 
did not measure a significant change of the values of 
reduced and oxidized HypR proteins in the gel-shift 
assays. Instead, we observed a different mobihty of 
oxidized HypR in the gel-shift assays and higher affinity 
of oxidized HypR to the operator DNA in the DNase-I 
footprinting analysis. Oxidized HypR also resulted in 
~2-fold transcriptional induction of hypO in an in vitro- 
transcription assay. Thus, the 4 A movements of the a4 
and dA' major groove recognition helices of HypR upon 
oxidation suggest a different DNA-binding mode of 
oxidized HypR leading to recruitment of the RNAP to 
initiate transcription at the hypO promoter. In addition, 
the strong autoinduction of HypR itself by disulphide 
stress suggests that also increased amounts of oxidized 
HypR are required for transcriptional induction of the 
hypO gene. We are aware that the structure of oxidized 
HypR in the DNA-binding state needs to be resolved to 
shed Hght into the specific interaction of oxidized HypR 
with the operator DNA and into the mechanism of tran- 
scriptional activation. Thus, our ongoing studies are 
directed to further explore the molecular details of tran- 
scriptional activation by crystalHzation of HypR- 
operator-DNA complexes under oxidized conditions. 
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